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Abstract

:

LYN proto-oncogene, Src family tyrosine kinase (Lyn) is a tyrosine kinase that belongs to the Src family (SFK). It is expressed as two isoforms in humans, LynA and LynB. Like other SFKs, Lyn consists of five protein domains, an N-terminal SH4 domain followed by a unique domain, the SH3 and SH2 domains, and a catalytic SH1 domain. The autophosphorylation of Tyr397 activates the protein, while the phosphorylation of the C-terminal inhibitory Tyr508 by C-terminal Src kinase (Csk) or Csk homologous kinase (Chk) inhibits the catalytic activity. The interaction of the SH2 domain with the phosphorylated Tyr508 stabilizes a compact, self-inhibited state. The interaction of the SH3 domain with a linker between the SH2 and catalytic domains further stabilizes this inactive conformation. The two critical structural features of the catalytic domain are a conserved DFG moiety and the αC helix, which can adopt in or out conformations. In the active state, both the DFG moiety and αC helix adopt in conformations, while in the inactive state, they adopt out conformations. Lyn has well-established functions in various hematopoietic cell types and more recent studies have revealed its roles in non-hematopoietic cells. At the molecular level, these functions are mainly exerted by phosphorylating specific tyrosine residues in immunoreceptor tyrosine-based inhibitory motifs (ITIMs) and immunoreceptor tyrosine-based activator motifs (ITAMs) associated with cell surface receptors. The phosphorylation of ITAMs by Lyn can initiate either activating or inhibitory (ITAMi) cell signaling depending on the receptor, targeting mode (crosslinking or monovalent targeting), and the cellular context. The phosphorylation of ITIMs by Lyn initiates inhibitory cell signaling via the recruitment of phosphatases to the ITIM-bearing receptor. The role of Lyn in cancer and autoimmune diseases has been extensively discussed in the literature. The involvement of Lyn in neurodegenerative diseases has been described more recently and, as such, it is now an emerging target for the treatment of neurodegenerative diseases.
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1. Introduction


LYN proto-oncogene, Src family tyrosine kinase (Lyn) is a non-receptor protein tyrosine kinase belonging to the Src family of kinases (SFKs), which includes nine members: Src, Lck, Yes, Hck, Fyn, Fgr, Blk, and Yrk [1]. Lyn exists as two isoforms, LynA (p56) and LynB (p53), differing by 21 amino acids at the N-terminal end, which arise from the alternate splicing of exon-2 [2]. A functional difference between the two isoforms has not been reported. Lyn is expressed in the hematopoietic cells of both the myeloid and lymphoid lineages, except for T cells [2,3]. Lyn is also expressed in the brain, suggesting common signaling mechanisms in the immune and central nervous systems [4]. Lyn phosphorylates the specific tyrosine residues of many cytosolic and membrane-bound effector proteins that initiate activating and inhibitory cell signaling [5]. This dual activity is attributed to the phosphorylation of immunoreceptor tyrosine-based activator motifs (ITAMs) and the immunoreceptor tyrosine-based inhibitor motifs (ITIMs) of immune receptors and adaptor proteins. The role of Lyn in cancer and autoimmune diseases is well-established and has been extensively reviewed in the literature [6,7,8], while studies of its involvement in neurodegenerative diseases are more recent. Therefore, in this review, we present a general review of Lyn, focusing on its structure, regulation, and function in terms of the ITAM/ITIM phosphorylation, experimentally validated binding partners, and its involvement in neurodegenerative diseases.




2. Lyn Kinase Structure


The human Lyn gene (LYN) encodes a 512 amino acid protein, consisting of 5 domains, an N-terminal SH4 domain followed by a unique domain, the SH3 and SH2 domains, and a catalytic (SH1) domain with an architecture similar to other SFKs (Figure 1) [9]. The beginning of the N-terminal SH4 domain has a specific amino acid sequence that can act as a membrane-anchoring site upon N-myristoylation and palmitoylation. The C terminus consists of a regulatory sequence, on which the phosphorylation of Tyr508 autoinhibits the kinase activity via interactions with the SH2 domain. The mouse and rat genes for Lyn each encode a 512 amino acid protein with a 96% identity to the human isoform, with most of the variations occurring outside the catalytic domain in regions of the SH4 and unique domains. The catalytic domain of mouse and rat kinase shows a 98% and 97.2% similarity to human Lyn, and the variations occur in residues outside the active site, except for the hinge region. In human Lyn, the position 320 of the hinge region is occupied by a tyrosine, whereas in the mouse and rat proteins, this residue is Phe (Figure 1). Therefore, the inhibitors that interact strongly with the human-Tyr320 via hydrogen bonding may be inactive when advanced to rodent models.



2.1. SH4 and Unique Domains


The N-terminal SH4 domain is a short 16-residue stretch of amino acids that consists of a specific Met-Gly-Cys sequence at the beginning, known as the myristate plus palmitate two-signal motif. Upon a dual acylation with myristate and palmitate, the SH4 domain can act as a membrane-anchoring site (Figure 1) [10,11]. During myristoylation, the initiating methionine is cotranslationally cleaved by methionine amino-peptidase, and the resulting glycine is coupled to myristate via an amide bond which is catalyzed by N-myristoyl transferase [12]. The myristoylation of glycine facilitates the palmitoylation of the adjacent cysteine, which is catalyzed by palmitoyl acyl transferase [13,14]. A mutational study of Lyn at the myristoylation and palmitoylation sites has revealed that N-terminal myristoylation is essential for anchoring to the plasma membrane, despite the palmitoylation state [15]. The same study found that N-myristoylation is a necessary prerequisite for palmitoylation, and the dual acylation of the SH4 domain is essential for its association with lipid rafts. Therefore, the SH4 domain plays a key role in membrane association and initiating or inhibiting immunoreceptor signaling via the phosphorylation of various membrane receptors or receptor subunits. The unique domain is an intrinsically disordered region that connects the SH3 domain to the membrane-anchoring SH4 domain. Due to its highly disordered nature, the unique domain is often missing from x-ray crystal structures. As the name implies, there is considerable variation in the sequence and length of this domain within the SFKs. The unique domain of LynB is 21 amino acids shorter than LynA, and this segment contains Tyr32, which is known to be phosphorylated by the Epidermal Growth Factor Receptor (EGFR) and potentiate the MCM7-mediated DNA replication [16].




2.2. SH3 Domain


The Lyn SH3 domain is a 61 amino acid module that interacts with the proline-rich motifs of binding partners, such as Ras-GAP and the PI3K kinases [17,18,19]. It recognizes the PxxP motifs that form polyproline type II helixes. The structure of the Lyn SH3 domain consists of two β-sheets, one with two β-strands (β1,β5), and a second β-sheet with three β-strands (β2–β4) (Figure 2A). There are four main loops, namely RT, n-src, distal, and 310 helical loops, that connect the β1–β2, β2–β3, β3–β4, and β4–β5 strands, respectively. The polyproline motif binding site consists of two hydrophobic pockets and a negative charge specificity pocket, which resides between the RT and n-src loops [20]. The negative charge specificity pocket is made of two aspartate residues (Asp80 and Asp81) that facilitates the binding of the flanking basic residue of the ligand. One of the main functions of the SH3 domain is to maintain the inactive kinase conformation by intramolecularly binding to the polyproline type II sequence within the linker between the SH2 and the kinase domains [21,22]. In the active conformation, the SH3 domain interacts with the binding partners, leaving the kinase domain in an active conformation where it can phosphorylate substrates [23,24]. Eighteen cancer-associated mutations in the SH3 domain have been identified [25,26,27]. Some of these mutations, such as D18N and W99L, directly involve the binding site’s hydrophobic and negative charge pockets and are likely transformative by increasing the kinase activity through the elimination of self-inhibition.




2.3. SH2 Domain


The SH2 domain is a 98-residue modular protein structure that binds phosphotyrosine-containing peptide segments, which include the Tyr508 phosphorylated C-terminal regulatory sequence of Lyn itself [28,29]. The SH2 domain core structure mainly consists of a central five-standard antiparallel β-sheet flanked by two α-helices (Figure 2B) [30,31,32]. There are two three-residue irregular β-strands outside the five central β-strands, namely C-terminal βA and N-terminal βG strands, located before the N-terminal α-helix (αA) and after the C-terminal α-helix (αB), respectively. These two irregular β-strands align parallel to the first β-strand (βB) of the core antiparallel β-sheet and form a parallel β-sheet, which brings the N- and C-termini into close proximity. The central antiparallel β-sheet consists of five β-sheets (βB-βF) and several loops that connect the β-strands and α-helices (BC, BG, and EF loops). The conserved residues from three core β-strands (βB, βC, and βD), αA helix, and the phosphate-binding loop (BC loop) form the phosphotyrosine binding pocket. The Arg156 residue on the βC strand forms direct interactions with the phosphate group of the phosphotyrosine residue. The specificity of the phosphopeptide to the SH2 domain is determined by the three-residues C-terminal to the phosphorylated tyrosine residue. The C-terminal pY + 3 residue of the phosphotyrosine peptide segment occupies a deep specificity pocket that consists of the residues from the BG and EF loops. The SH2 domain regulates the kinase activity by binding to the phosphorylated Tyr508 of the C-terminal regulatory sequence, which maintains the kinase in an inactive conformation. Recently, it has been revealed that the phosphorylation of a conserved Tyr194 residue in the SH2 domain impacts the binding affinity and specificity of the SH2 domain with phosphotyrosine peptides [32].




2.4. Catalytic (SH1) Domain


The Lyn catalytic (kinase) domain is composed of 255 amino acid residues with a bilobal protein–tyrosine kinase fold that catalyzes the phosphorylation of the specific tyrosine residues of various immune receptors and effector proteins. The small N-terminal lobe consists of a five-stranded antiparallel β-sheet (β1–β5) and a large α-helix (αC) (Figure 2C). The first two α-helices (αA and αB) that are found in some protein kinases are absent in Lyn, similar to other SFKs. The large C-terminal lobe is predominantly helical with two-stranded antiparallel β-sheets. The ATP-binding pocket is located in a deep cleft between the two lobes, connected by a loop that forms the hinge region. The adenine ring of ATP forms hydrogen bonding interactions with the hinge region. The loop that connects the β1 and β2 strands is known as the Glycine loop (or phosphate binding P-loop) that interacts with the non-transferable ATP α/β-phosphates and facilitates the transfer of the γ-phosphoryl group to the substrates [33]. The activation loop in the C-terminal lobe regulates the catalytic activity via the autophosphorylation of the specific Tyr397 residue, which correlates with movement in the loop and the αC helix. In addition, the phosphorylation of Tyr508 at the C-terminal end regulates the catalytic activity.



The two key structural features that define the active and inactive conformations of the kinase domain are a conserved Asp-Phe-Gly (DFG) moiety (Asp385, Phe386, Gly387 in Lyn) located at the beginning of the activation loop and the αC helix, where both can take either “in” or “out” orientations (DFG-in/DFG-out and αC-in/αC-out). The active kinase domain adopts the DFG-in/αC-in conformation and is targeted by ATP-competitive type I inhibitors. In the αC-in conformation, there is a specific salt bridge interaction between the conserved Lys275 residue of the β3 strand and Glu290 of the αC helix, which is essential for the catalytic activity of the enzyme and contributes to the coordination of the ATP phosphate groups (Figure 3A). The Asp residue of the DFG moiety also coordinates the catalytically important Mg2+ ion in the DFG-in conformation. The inactive kinase domain can either be in the DFG-in/αC-out or DFG-out/αC-in conformations, which are targeted by type I1/2 and type II inhibitors, respectively. In the inactive αC-out conformation, the αC helix moves outwards and rotates a conserved Glu290 away from the ATP-binding site, which causes the specific salt bridge to be broken. This opens up a binding pocket close to the αC helix that can be occupied by the tail end of type I1/2 inhibitors, which helps to achieve specificity (Figure 3B). Similarly, the outwards movement of the DFG moiety creates a new allosteric pocket that can be occupied by the tail group of type II inhibitors, allowing type II inhibitors to achieve a better selectivity than type I inhibitors (Figure 3C).



As of 2022, only six x-ray crystal structures of the Lyn catalytic domain are available in the protein data bank, and all of them are in the DFG-in/αC-in active conformation: four mouse-derived (2ZVA, 2ZV9, 2ZV8, and 2ZV7) and two human-derived (3A4O and 5XY1). The lack of available Lyn kinase X-ray crystal structures in inactive conformations (DFG-in/αC-out and DFG-out/αC-in) presents a challenge for the structure-based design of novel type I1/2 and II specific inhibitors. Therefore, there is a pressing need to resolve Lyn catalytic domain X-ray crystal structures with known type I1/2 and II inhibitors.





3. Regulation of the Lyn Kinase Activity


The regulation of the Lyn kinase activity is similar to other SFKs. The phosphorylation states of both the activation loop Tyr397 (the positive regulatory tyrosine) and the C-terminal Tyr508 (the negative regulatory tyrosine) regulate the kinase activity of Lyn. The activation loop Tyr397 undergoes an autophosphorylation, while the C-terminal Tyr508 is phosphorylated by the C-terminal Src kinase (Csk) or Csk homologous kinase (Chk) [34]. The phosphorylation of Tyr397 stabilizes the activation loop and increases the catalytic activity, while phosphorylated Tyr508 interacts with the phosphotyrosine binding site of the SH2 domain, which stabilizes the auto-inhibited inactive conformation of the catalytic domain (Figure 4). In fact, a Y508F mutation of Lyn has been reported in pediatric patients presenting with an early onset autoinflammatory phenotype, suggesting that an over-activation is causative [35]. As described previously, the inactive conformation is further stabilized by the interactions of the SH3 domain with the linker region that connects the SH2 and catalytic domains. These interactions promote an αC-out conformation of the kinase domain, which disrupts a salt bridge interaction between the conserved Lys275 (β3 strand) and Glu290 (αC), which is essential for the proper orientation of ATP inside the binding pocket. It has been shown that the activation loop phosphorylation of SFKs blocks their inactivation by Csk. The same study demonstrated that Csk can still phosphorylate the activation loop of autophosphorylated SFKs at the C-terminal tyrosine (doubly phosphorylated SFK) [36]. However, the phosphorylated activation loop prevents interactions between the SH2 domain and the phosphorylated C-terminal tyrosine residue, which helps maintain an active kinase conformation despite the phosphorylation of Tyr508. Therefore, the dephosphorylation of the activation loop by tyrosine phosphatases, such as protein tyrosine phosphatase 1B (PTP1B), allows SFKs to be inactivated by Csk.



The structure of Csk consists of SH3 and SH2 and catalytic domains similar to SFKs. However, it does not possess an SH4 domain for an acylation and membrane association, thus it is preferentially located in the cytosol [37]. Membrane-anchoring proteins such as Cbp/PAG1 (Csk binding protein/phosphoprotein associated with glycosphingolipid-enriched membrane) facilitate the translocation of Csk to the plasma membrane, where it can phosphorylate membrane-bound Lyn, promoting the inactive assembled conformation (Figure 4). The inactive assembled conformation is in equilibrium with the inactive disassembled (phosphorylated Tyr508 free from the SH2 domain), where the inactive assembled form is more favorable. This inactive disassembled conformation facilitates the dephosphorylation of the Tyr508 by transmembrane phosphatases such as CD45, which promote the active conformation of the catalytic domain after the autophosphorylation of Tyr397 at the activation loop [38].




4. Lyn Kinase Function-Itim/Itam Phosphorylation


Lyn has well-established functions in various hematopoietic cell types and non-hematopoietic cells in different areas such as the brain, colon, breast, and prostate [39,40,41,42,43,44]. At the molecular level, these functions are mainly exerted by phosphorylating specific tyrosine residues in the ITIMs and ITAMs associated with various immune receptors and non-immune receptors such as B-cell receptors (BCR), T-cell receptors (TCR), Fc receptors (FcR), Sialic acid-binding immunoglobulin-type lectins (Siglecs/CD) receptors, paired immunoglobulin (Ig)-like receptor B (PIR-B), and the signal regulatory protein-1α (SIRP1α) (Figure 5). Lyn is the first known SFK member with a dual role acting as both a positive and negative regulator of cell signaling [9,45]. The negative regulation of the cell signaling occurs when Lyn phosphorylates specific tyrosine residues within the ITIMs present in inhibitory receptors. In contrast, a positive regulation occurs when Lyn phosphorylates ITAMs in activating receptors. Therefore, this section will mainly discuss the involvement of Lyn in the phosphorylation of ITIM- and ITAM-bearing immune receptors and the unique role played by Lyn in the negative regulation of cell signaling via both ITIM and ITAM phosphorylation.



4.1. Phosphorylation of ITIM Motifs


Several inhibitory plasma membrane receptors with ITIMs are phosphorylated by Lyn, including FcγRIIB, CD22, PIR-B, and SIRPα in various cell types. A single consensus sequence [I/V/L]xYxx[L/V] defines the ITIM motif, where x is any amino acid and is generally present in the receptor’s cytoplasmic tail or associated subunits [46]. The inhibitory effect of these ITIM-bearing receptors requires a co-ligation with their heterologous activating receptors by immune complexes, which facilitates the phosphorylation of ITIMs by Lyn (Figure 5C) [47]. Therefore, a negative regulation is context dependent only when cells are activated, and it does not occur in resting cells. The phosphorylated ITIMs act as docking sites for phosphatases that bear SH2 domains, such as Src homology-2 domain-containing phosphatases (SHP-1 and SHP-2) and the inositol polyphosphate 5-phosphatases (SHIP-1 and SHIP-2). The recruitment of these phosphatases to the plasma membrane dephosphorylates various effector proteins and phosphatidylinositol substrates, respectively, which modulates cell signaling.



FcγRIIB is an inhibitory receptor expressed on the surface of immune cells that binds the Fc region of the IgG antibodies. It is the only Fcγ receptor expressed by B cells and negatively regulates the activation via a co-ligation with BCR [48]. Other Fcγ receptors, such as high-affinity FcγRI and low-affinity FcγRIIA, FcγRIIC, FcγRIIIA, and FcγRIIIB, are activating. Upon a co-ligation with BCR, FcγRIIB is mono-phosphorylated by Lyn, which creates a docking site for SHIP-1 and SHIP-2 phosphatases, which contain a single SH2 domain (Figure 6) [49]. FcγRIIB is the only reported ITIM-containing receptor that recruits SHIP-1 and SHIP-2 upon an ITIM phosphorylation, and this unique affinity depends on a specific amino acid residue at the Y + 2 position in the ITIM [50]. Once recruited and brought close to the membrane, SHIP1 hydrolyzes the 5-phosphate of PI(3,4,5)P3 to give PI(3,4)P2 [51]. This prevents the PI(3,4,5)P3-dependent recruitment of pleckstrin homology (PH) domain-containing kinases and phospholipases to the inner leaflet of the plasma membrane, such as the protein kinases Atk and Btk and the phospholipases PLCγ1 and PLCγ2, which in turn promotes their phosphorylation and activation (Figure 6). The inactivation of PLCγ inhibits the generation of inositol 1,4,5-trisphosphate (IP3) and DAG from PI(4,5)P2 via lipid hydrolysis, which results in the inhibition of calcium mobilization and B cell activation (Figure 6).



CD22 (siglec 2) is another inhibitory transmembrane glycoprotein receptor exclusively expressed by B cells that inhibits the B cell activation upon a co-ligation with activated BCR [52,53]. It has three ITIMs and six tyrosine residues in the cytoplasmic domain. A co-ligation with BCR leads to the phosphorylation of these ITIMs by Lyn [54,55]. The phosphorylated ITIMs recruit SHP-1, a tyrosine phosphatase that dephosphorylates various effector proteins, which leads to the inhibition of the calcium mobilization and B cell activation [56].



PIR-B is one of the inhibitory receptors identified on murine B cells and myeloid-lineage cells (not on T cells and natural killer (NK) cells), with three ITIMs in the cytoplasmic domain [57]. PIR-B is an orthologue of human leucocyte immunoglobulin-like receptor B (LILR-B), an inhibitory receptor expressed in human B cells and myeloid cells [57,58]. PIR-A is the activating co-receptor and is expressed in a pair-wise fashion with PIR-B. The phosphorylation of the ITIMs of PIR-B by Lyn recruits SHP-1 and SHP-2 tyrosine phosphatases, leading to the inhibition of the B cell activation [59]. Similar to PIR-B, the human orthologue LILR-B is also phosphorylated by Lyn [60].



In addition to the above inhibitory receptors, Lyn is known to phosphorylate the ITIMs of SIRP1α, a glycoprotein receptor expressed by myeloid and neuronal cells [61,62]. The receptor has four ITIMs, and the phosphorylation recruits SHP1/2, inhibiting the cell activation via the dephosphorylation of downstream effectors. In macrophages, this prevents phagocytosis towards healthy host cells [63].




4.2. Phosphorylation of ITAM Motifs


Lyn also phosphorylates the ITAMs associated with activating immune receptors, and similar to ITIMs, an ITAM is defined by two consecutive Yxx[L/I] sequences separated by 6 to 10 amino acids [64]. In Fcγ receptors, such as FcγRI and FcγRIIIA, an ITAM can be found in the γ subunit [65]. In some cases, ITAMs can be found in the adaptor molecules associated with activating receptors, such as CD3 (T-cell receptor), Igα/Igβ (BCR), and DAP12 [66]. The phosphorylation of ITAMs will recruit SH2 domain-bearing tyrosine kinases Syk or ZAP70, which have two SH2 domains and phosphorylate multiple stimulatory effector proteins, ultimately leading to an intracellular Ca2+ mobilization and cell activation (Figure 5A).



In B-cells, Lyn is known to phosphorylate the ITAMs of the Igα/β subunits of BCR upon the antigen-induced crosslinking of the receptor. The phosphorylated ITAMs act as docking sites for tyrosine kinase Syk, which phosphorylates downstream protein kinases such as PI3K and Btk, leading to the activation of the PLCγ and intracellular Ca2+ release (Figure 6). Interestingly, the role of Lyn in initiating BCR activation signaling is non-essential and can be replaced by other SFKs, such as Fyn and Lck [67].



Lyn is reported to associate with tetrameric FcεRI receptors in mast cells, which consist of α, β, and homodimeric γ subunits. Upon the antigen-induced crosslinking of the FcεRI receptors, Lyn phosphorylates the ITAMs associated with the β and γ subunits (three ITAMs), providing docking sites for Syk, which initiates a mast cell activation. In addition, FcγRIIIA with an ITAM-bearing γ subunit similar to FcεRI is known to phosphorylate by Lyn in mast cells [68].



Recently, it has been shown that upon the mono or divalent targeting of low-avidity activating ITAM-bearing FcRs, such as FcαRI, FcγRIIA, and FcγRIIIA, ITAM-mediated inhibitory (ITAMi) signaling can be induced without co-ligating to an inhibitory receptor [69]. The bi-functional activity of these immune receptors modulates susceptibility to autoimmune and inflammatory diseases [70,71]. Other immune receptors, such as BCR and TCR, can also initiate ITAMi signaling [72,73]. Lyn plays an essential role in ITAMi signaling via a partial phosphorylation (single Tyr phosphorylation of ITAM) of the ITAM and the simultaneous phosphorylation of SHP-1 at Tyr536, which activates and recruits SHP1 to ITAM instead of Syk or ZAP70 (Figure 5B) [5]. The same receptors can induce activating ITAM signaling upon the multivalent crosslinking double phosphorylation of the ITAM by Fyn and the recruitment of Syk. Interestingly, Fyn silencing by siRNA reversed the activating ITAM to an ITAMi signaling, despite the receptors’ multivalent crosslinking, demonstrating the importance of Fyn and Lyn in ITAM switching [5]. Overall, these findings suggest the vital role played by Lyn in inducing negative signaling via the phosphorylation of both ITIM and ITAM motifs, while the role of Lyn in positive signaling via the phosphorylation of the ITAM is redundant by other Src kinases.





5. Lyn Kinase Binding Partners


To date, several binding partners of Lyn have been identified and experimentally validated. Most of these binding partners are scaffold, anchoring, or adaptor proteins with no enzyme activity. They recruit Lyn into multiprotein signaling networks or places Lyn close to its substrates. Lyn is mainly associated with these binding partners via SH3-phosphotyrosine or SH3-proline interactions. Src homology and collagen (Sch) proteins are adaptor proteins known to directly interact with phosphorylated Lyn in stimulated neutrophils [4]. The Shc proteins consist of the N-terminal phosphotyrosine binding (PTB) domain, a linker collagen homology 1 (CH1) domain, and a carboxy-terminal SH2 domain [74]. In stimulated neutrophils, the SH2 domain of the Shc protein interacts with the phosphorylated Lyn, ultimately leading to the phosphorylation of the Shc protein by Lyn [75]. The active Lyn is also known to interact with RING-type E3 ubiquitin-protein ligase c-Cbl and Cbl-b in rat basophilic leukemia RBL-2H3 cells upon the stimulation of FcεRI [76]. The association is mainly via the SH3 domain of Lyn and the proline-rich regions of c-Cbl, which leads to the phosphorylation of c-Cbl by Lyn. The phosphorylated c-Cbl mediates ubiquitination and the subsequent degradation of Lyn in the proteasome, causing the down-regulation of Lyn. In addition to the above adaptor proteins, felic and β-arrestins were also reported in the literature as the direct binding partners of Lyn. Felic is a novel scaffolding protein identified in a yeast 2-hybrid screen, which directly interacts with the SH3 domain of Lyn via polyproline motifs, and is known to be important in the phagocytosis of macrophages [77]. β-arrestins, traditionally known to play a crucial role in terminating GPCR-mediated signals, have been shown to interact directly with Lyn, in response to the CCR5s activation in human primary macrophages, revealing its novel function as a scaffold protein [78]. Apart from scaffolding proteins, Lyn is reported to have enzymes as binding partners. Cyclic AMP (cAMP)-specific phosphodiesterase-4 (PDE4) is one such enzyme that directly interacts with the SH3 domain of Lyn via its multifunctional docking site on the catalytic unit [79]. In addition, the SH3 domain of Lyn is also known to directly interact with SHP-1 (PTPN6) and phosphorylates its C-terminal Tyr564 [80].




6. Lyn Kinase in Neurodegenerative Diseases


Even though Lyn is expressed in the brain, information regarding its function in the CNS is limited [4]. In cortical neurons, Lyn is known to phosphorylate the α3 subunit of Na+/K+ ATPase and upregulates its activity [81]. Lyn was also shown to participate in the AMPA receptor-mediated upregulation of the brain-derived neurotrophic factor (BDNF) via the activation of the mitogen-activated protein kinase pathway [82]. In addition, a negative regulatory role of Lyn has also been proposed related to the NMDA receptor’s activity [40].



Because of the critical function exerted by Lyn in numerous cell types, it is involved in various disease conditions. The role of Lyn in diverse types of cancers, such as acute myeloid leukemia, colorectal, breast, renal, prostate, ovarian, and liver cancer, are reported and have been reviewed [7,25,26,27,83,84,85,86,87]. The role of Lyn in autoimmune diseases has also been thoroughly reviewed [7]. The involvement of Lyn in neurodegenerative diseases has been reported more recently with studies that focus on the molecular mechanisms underlying the involvement of Lyn in neurodegeneration.



Alzheimer’s disease (AD) is one of the main neurodegenerative diseases where the role of Lyn has been evaluated. Microglia are the resident phagocytes of the central nervous system [88]. Genome-wide association studies (GWAS), whole genome sequencing, and gene-expression network analyses have identified numerous AD risks and protective variants in genes such as TREM2, CD33, APOE, ABCA7, PLCG2, and INPP5D, which are essential to the microglia function [89]. Comprehensive single-cell RNA sequencing (RNA-seq) and the analysis of AD and the aging brain have identified a rare subset, disease-associated microglia (DAMs), which are conserved in mice and humans [90]. Lyn is highly enriched in the microglia from mouse models upon an exposure to amyloid beta (Aβ) [91]. The deposition of Aβ is a major pathological hallmark of AD [92,93]. The expression of Lyn is high in human and mouse microglia compared to other SFKs, as revealed by RNA sequencing databases [94]. Additionally, an increase in the Lyn expression was observed in microglia isolated from the post-mortem brains of AD patients [95]. Interestingly, Combs et al. reported that the stimulation of primary microglia and THP-1 cells with Aβ-fibrils does not induce the activation of Lyn, only the activation of c-Src. The inhibitor PPI, which targets Lyn, blocked the Aβ-stimulated production of neurotoxins and promoted neuronal survival [95]. PPI is a broad-spectrum Src kinase inhibitor with inhibitory potencies IC50 values of 6 and 5 nM for Fyn and Lck, respectively. The inhibition of Fyn would have a significant effect on the microglia’s activation [96]. Several other independent studies have reported an increased level of Lyn activation in mouse models microglia upon an exposure to Aβ oligomers, similar to the microglia isolated from the post-mortem brains of AD patients [97,98,99].



A comprehensive study conducted by Gwon et al. focused on a mode of action of Lyn in AD that has revealed an important role played for Lyn in Aβ-triggered neurotoxicity and tau hyperphosphorylation via FcγRIIb2 phosphorylation [100]. The transcriptional variation 2 of FcγRIIb (FcγRIIb2), which is mostly expressed in neurons, plays a critical role in the internalization of oligomeric Aβ1–42 [101]. This study also reported an increase in the Lyn activity as measured by autophosphorylation at the Tyr397 residue upon an exposure to oligomeric Aβ1–42 in mouse neuronal cells. The activation of Lyn was rapid (as early as 15 min), reaching ten-fold after 1 h of oligomeric Aβ1–42 stimulation, which lasted longer than Fyn. It was also found that the activation of Lyn was blocked in FcγRIIb2 knockout neurons, indicating that the Lyn’s activation was mediated by FcγRIIb2-Aβ1–42 interactions. Furthermore, the analysis of AD patients’ brain tissue samples also revealed a three-fold increase in the autophosphorylation of Lyn at Tyr397 in the hippocampus among AD patients compared to non-AD controls. Additional experiments in SH-SY5Y cells confirmed the direct phosphorylation of the FcγRIIb2 ITIM at Tyr273 by Lyn upon an exposure to oligomeric Aβ1–42. Interestingly, the knockdown of the expression of Lyn in B103 rat neuroblastoma and HT22 mouse hippocampal cell lines significantly suppressed the oligomeric Aβ1–42-induced cell death, revealing the importance of Lyn in attenuating Aβ1–42-induced neurotoxicity. Additional experiments revealed the recruitment of SHIP2 to FcγRIIb2 upon a phosphorylation by Lyn, similar to B cells (the mechanism is explained in detail in a previous section) which ultimately led to tau-hyperphosphorylation. Finally, using a novel, potent Lyn inhibitor (KICG2576), the researchers demonstrated that the inhibition of the Lyn’s activity can attenuate the Aβ-FcγRIIb2-mediated neuronal cell death and rescue the Aβ-triggered memory impairment in mice. However, the study also highlighted the potential broad spectrum Src inhibitor activity associated with KICG2576 and the importance of developing novel, potent Lyn selective kinase inhibitors to further evaluate the role of Lyn in AD.



Another study conducted by Peikert et al. describes the association of Lyn with Chorea-Acanthocytosis (ChAc), an ultra-rare neurodegenerative disease with 1000–5000 cases worldwide [102]. The disease is caused by loss-of-function mutations in the vacuolar protein sorting 13 homolog A (VPS13A) gene. The study has identified the accumulation of activated Lyn as a key pathophysiological event in ChAc. Furthermore, the inhibition of Lyn by Nilotinib in a Vsp13a−/− mouse model improved autophagy and prevented neuroinflammation. These literature findings suggest Lyn as a potential target for treating various neurodegenerative diseases.




7. Concluding Remarks


Lyn has been shown to have the unique ability to phosphorylate the ITIM and ITAMs associated with different immune receptors and adaptor proteins, distinguishing it from other Src kinases. This makes Lyn a key SFK in both activating and inhibitory cell signaling pathways. There is a tight regulation of the Lyn activity in cells, where dysregulation is implicated in cancer and autoimmune diseases. Recent studies have described the role for Lyn in neurodegenerative diseases, especially in AD. However, a further evaluation of its distinct mechanism is limited by the lack of Lyn-specific potent kinase inhibitors. The finite number of X-ray crystal structures of Lyn available in the protein data bank that is limited to an active conformation exerts a major challenge for structure-based drug discovery campaigns that focused on delivering Lyn-specific kinase inhibitors.
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Figure 1. Organization of human Lyn domains and key residue differences between the human (P07948), mouse (P25911), and rat (Q07014) proteins. 
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Figure 2. The secondary structure of Lyn (A) SH3 domain bound proline-rich peptide ligand (Figure was constructed by superimposing and combining the human Lyn SH3 domain (PDB ID: 6NMW) with c-Src SH3 domain bound peptide ligand (PDB ID: 1QWE) and (B) SH2 domain bound phosphotyrosine peptide (Figure was constructed by superimposing and combining the human Lyn SH2 domain (PDB ID: 4TZI) with Src SH2 domain bound phosphotyrosine ligand (PDB ID 1SPR) (C) SH1 (catalytic) domain in DFG-out/αC-in conformation (Figure was constructed by homology modeling based on Lck (2PL0). N-Terminal (N-T) end. C-Terminal (C-T) end. 
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Figure 3. The structure of Lyn kinase catalytic domain in different conformations (A) DFG-in/αC-in (DFG-Asp-in) active conformation bound ATP analog (ATP-CHF) and Mg2+ (Figure was constructed by superimposing and combining c-Src-ATP-CHF complex (PDB ID:5XP5) and active mouse Lyn (PDB ID:2ZV8) (B) DFG-in/αC-out (DFG-Asp-in) inactive conformation bound type I1/2 inhibitor (Figure was constructed by homology modeling of Lyn DFG-in/αC-out based on human Hck (PDB ID: 5H0B) (C) DFG-out/αC-in (DFG-Asp-out) inactive conformation bound type II inhibitor (Imatinib) (Figure was constructed by homology modeling of Lyn DFG-out/αC-in based on human Lck (PDB: 2PL0). 
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Figure 4. Schematic representation of Lyn kinase regulation (dephosphorylation of the activation loop (Tyr397) by phosphatases such as PTPB1 followed by phosphorylation of C-terminal (Tyr508) by Csk leads to inactive-assembled (self-inhibited) state. Dephosphorylation of the C-terminal by transmembrane phosphatases such as CD45, followed by autophosphorylation of the activation loop, leads to the active state). 
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Figure 5. Summary of the ITAM/ITIM bearing receptors and adaptor proteins known to be phosphorylated by Lyn and the general mechanism of the activating/inhibitory signaling. (A) Phosphorylation of ITAM by Lyn and initiation of activating signaling (ITAM-signaling) (B) Partial phosphorylation of ITAM by Lyn and initiation of inhibitory signaling (ITAMi-signaling) (C) Phosphorylation of ITIM by Lyn and initiation of inhibitory signaling (ITIM-signaling). (Differential targeting of ITAM-bearing receptors can activate either activating or inhibitory signaling where Lyn is required for both processes. (B) was constructed based on the mechanism suggested in [5]). 
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Figure 6. Lyn involvement in B cell activation/inhibition mechanism. Activation pathway (steps 1–10): (1) antigen-induced crosslinking of BCR activates and translocates Src kinases such as Lyn and Fyn to the inner leaflet of the membrane and enhances the association with lipid raft; (2) Lyn/Fyn phosphorylates ITAMs associated with BCR; (3) phosphorylated ITAMs recruit Syk and activate it; (4) activated Syk phosphorylate PI3K; (5) activated PI3K phosphorylates PI(4,5)P2 and generate PI(3,4,5)P3; (6) PI(3,4,5)P3 act as membrane docking sites for PH domain-containing proteins such as Btk and PLCγ1; (7) membrane-recruited Btk is phosphorylated by activated Syk (proximity); (8) activated Btk phosphorylates PLCγ1; (9) activated PLCγ1 converts PI(4,5)P2 to IP3; and (10) increased IP3 level enhances the calcium mobilization leading to B-cell activation. Inhibition pathway (steps 11–15): (11) co-ligation of FcγRII enhances the association of Lyn with ITIM of the receptor; (12) activated Lyn phosphorylates ITIM of the FcγRII; (13) phosphorylated ITIM recruits and activates SHIP1; (14) SHIP1 converts PI(3,4,5)P3 to PI(3,4)P2 and impairs the recruitment of PH domain containing Btk and PLCγ1 to the cell membrane and their activation, causing a decrease in IP3 level. This leads to impaired Ca2+ mobilization causing B-cell inactivation. 
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